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Figure	4.2	 (a)	Anomalous	GPI	for	each	phase	of	the	OMI-defined	MJO	(x-axis),	relative	to	the	Phase	1-8	mean,	as	computed	in	Equation	1.	Each	of	the	five	regions	outlined	in	(b)	are	assessed	independently,	shown	as	colored	bars	in	(a),	which	represent	the	mean	of	the	100-member	bootstrap	for	the	TC	season	of	June-November	with	error	bars	corresponding	to	the	25th	and	75th	percentiles	of	that	analysis	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.		 88	Figure	4.3	 (Left	hand	side)	Average	850	(blue)	and	250	mb	(green)	winds	in	the	100-member	bootstrap	ensemble	for	each	phase	of	the	MJO;	dashed	lines	represent	the	Phase	1-8	mean.	(Right	hand	side)	Average	GPI	decomposition	from	Equation	1	for	each	phase	of	the	MJO,	taken	from	the	100-member	bootstrap	ensemble.	Error	bars	correspond	to	the	25th	and	75th	percentiles	as	in	Figure	2.	These	averages	are	taken	for	each	region	over	the	TC	season	of	June-November	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	.	 90					 	
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308 Average T in heavily irrigated region








































































































































































































































































𝐹(𝑥) = expR−S1 + 𝜉 (𝑥 − 𝜇)𝜎 TUVWX	
	The	statistical	fit	to	this	distribution	is	carried	out	independently	at	each	location	and	for	each	of	the	four	experiments.	The	magnitude	of	a	given	flood	(UT)	can	then	be	determined	based	on	return	period	(T)	by	inverting	the	CDF	of	the	GEV	above:		



































































































































                                                        
1 Extended Empirical Orthogonal Function 
2 Realtime Multi-variate MJO index [Wheeler and Hendon, 2004]  
3 East Asian and Western North Pacific Intraseasonal Oscillation [Lin 2013] 



























𝐺𝑃𝐼 = 	 |10c𝜂|ef 	× heci 	× jklmnoepi 	×	 (1 + 0.1𝑉=r-*+)Us				 	 		(4.1)		
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Figure B.1: Comparison of the FULL flood return period created from (left) the original 30-year 
period used for analysis and (right) the full 50-year sample wherein CO2 is still held steady at 










Figure B.2: Validation of CaMa-simulated time-mean and annual extremum statistics as 
downscaled from CESM runoff in CTRL against observed GRDC streamflow across a selection of 































R2 =   0.83579





















R2 =   0.79918




























Figure B.3: Changes (relative to CTRL) in transpiration, ground evaporation, leaf evaporation, 




























Rain -2.59 7.53 10.88 18.76 25.30 21.60 10.68 26.38 22.43 
1m Soil 
Moisture 9.34 5.03 6.00 4.07 2.07 2.03 9.09 4.81 5.91 




2.18 1.17 -0.04 -2.78 -2.90 -1.04 -0.28 -1.29 -0.82 
Snowmelt 73.32 -83.91 0.20 -90.70 -75.44 -16.09 -90.70 -75.44 -16.09 
Runoff 104.89 78.42 65.74 92.85 82.32 68.89 132.68 110.49 109.89 




21.33 22.88 28.78 23.41 21.40 21.45 17.66 17.22 20.14 
 
Table B.1: (Top rows) Percent change in horizontally averaged climatological values of flood 
relevant state variables within the multiply stressed regions from Fig. 1 during their peak flood 
season (see text); (Bottom) return period of the CTRL100 flood for the same regions. Values in 
black indicate significance at the 95% level (grey values are not significant). Flood season is 



















 PHYS – CTRL RAD – CTRL FULL – CTRL 
 India Horn of 
Africa 
India Horn of 
Africa 
India Hon of 
Africa 
Rain 1.29 -5.85 18.64 25.56 20.18 23.57 
1m Soil 
Moisture 1.18 0.11 1.72 5.91 2.34 7.86 




1.00 4.13 -1.51 -4.78 -1.54 -2.13 
Snowmelt -29.25 3.78 -81.54 -7.58 -81.54 -7.58 
Runoff 19.42 29.33 31.95 43.87 52.10 76.16 




249.87 337.48 24.42 15.53 23.20 16.87 
 
Table B.2: As in Table B.1, but for RAD-driven regions. Flood season is defined as Jun-Oct for 








































Rain 12.28 12.70 5.32 -1.15 -1.27 11.91 16.45 21.08 12.16 
1m Soil 
Moisture 10.06 9.43 12.25 -4.60 -4.84 -2.90 7.13 9.41 6.22 




3.20 1.05 0.89 3.79 -2.74 -0.14 5.38 -3.19 1.39 
Snowmelt 11.76 10.53 -6.32 11.02 -49.55 -26.86 11.02 -49.55 -26.86 
Runoff 81.29 130.41 152.76 -24.80 -31.40 -14.94 50.03 131.26 74.59 




6.97 16.16 15.83 342.26 348.13 303.39 8.15 11.62 20.71 
 
Table B.3: As in Table B.1, but for PHYS-driven regions. Flood season is defined as Dec-Jun for W 






















































Figure B.6: Percent difference between the streamflow change in the CESM FULL simulation and 
the CMIP5 RCP8.5 multi-model means in K14. Note that the color bar here is ten times smaller 









Figure B.7: Change in (a,c) Qlow and (b,d) Qhigh for (a,b) PHYS and (c,d) RAD. Masking applied 
























Figure B.9: Change in average precipitation rate (top) and in the fraction of that rate that 
































Figure B.11: Change in smoothed 1m soil moisture. Smoothing applied as in Fig. 3, though no 














 Tropics (30˚S-30˚N) Mid- and high-latitudes (30-90˚S, 30-90˚N) 
PHYS 0.67 0.48 
RAD 0.36 0.81 
 
Table B.4: Correlation coefficient (R) between the change in FULL and either PHYS or RAD (as 




















































Figure B.13: Residual of linear equation, defined as the root mean squared error between FULL 
and RAD+PHYS for all 30 years in each basin.   
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Qmean Linearity Analysis 
 𝐶𝑇𝑅𝐿	(𝑚z	𝑠UV)	 ∆𝐹𝑈𝐿𝐿 (%) ∆𝑃𝐻𝑌𝑆 (%) ∆𝑅𝐴𝐷 (%) 𝜀 (%) 
Yukon 4011.96 33.68 2.66 29.81 16.61 
Mackenzie 3700.77 29.09 10.69 19.66 17.91 
Columbia 3144.51 14.65 3.87 23.02 43.46 
Nelson 1175.45 15.06 8.82 18.65 26.32 
Mississippi 2752.70 41.25 13.55 29.83 43.01 
St. Lawrence 3426.80 7.05 -5.77 14.86 21.10 
Rhine 1677.32 -0.81 8.91 -5.89 38.46 
Danube 2290.04 -16.58 13.04 -22.88 41.17 
Dniepr 1901.25 -4.89 9.56 9.26 54.90 
Volga 3353.25 32.00 26.70 36.54 54.51 
Ob 3129.92 2.90 2.26 -5.95 28.45 
Yenisei 3694.71 26.55 8.41 19.91 19.59 
Lena 4262.81 35.38 4.18 26.60 23.86 
Amur 3688.36 57.62 26.79 26.47 36.52 
Orinoco 8033.61 -12.24 2.94 -9.77 21.52 
Parana 4118.13 49.37 70.42 -4.22 50.73 
Amazonas 8584.14 14.45 31.74 -12.47 13.57 
Niger 2604.15 19.46 50.63 -43.34 26.41 
Congo 7722.23 63.93 42.69 9.04 28.50 
Nile 5523.38 120.02 47.85 56.14 43.93 
Zambezi 4101.12 32.39 48.97 -10.82 55.30 
Tigris & Euphrates 958.72 -53.87 -4.32 -42.38 39.84 
Indus 2897.65 -5.23 -3.27 -2.95 59.63 
Ganges & Brahmaputra 5499.62 30.01 7.27 16.72 22.08 
Mekong 3200.94 89.40 77.07 29.96 51.74 
Huang-He 4207.62 32.31 12.93 12.78 41.08 
Yangtze 5290.31 44.78 34.46 3.17 27.82 
Murray & Darling 1430.79 105.39 197.73 -27.12 346.65 
Don 2512.12 16.32 20.10 24.47 56.07 
Fraser 2576.83 18.58 4.75 21.08 36.82 
Tocantins 5144.31 -1.22 11.97 2.73 58.57 
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Vuoski & Neva 1039.55 22.35 -5.01 24.12 22.09 
Table B.5: For each of the basins assessed, 30-year averaged mean streamflow (Qmean ) is 
reported along with the percent change from that in FULL, PHYS, and RAD. The RMSE (𝜀) values 
between ∆FULL and ∆RAD+∆PHYS for all thirty years is also reported. Basins that do not meet 
the linearity criteria are shown in grey.  
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Qpeak Linearity Analysis 




∆𝑹𝑨𝑫 (%) 𝜺 (%) 
Yukon 7496.18 0.32 5.24 -3.64 22.69 
Mackenzie 6251.49 5.67 11.93 -1.87 27.97 
Columbia 8725.18 -3.53 10.70 4.70 64.31 
Nelson 1628.75 -0.42 5.09 0.63 15.78 
Mississippi 3822.31 58.57 23.57 49.11 61.19 
St. Lawrence 3775.37 9.34 -4.71 14.27 25.31 
Rhine 3005.07 16.87 21.09 8.50 61.35 
Danube 2885.41 -13.76 18.04 -21.47 55.23 
Dniepr 2654.52 -3.81 16.31 16.79 78.35 
Volga 6502.04 11.41 22.36 11.91 56.87 
Ob 5691.13 -10.65 1.17 -18.74 31.94 
Yenisei 7223.18 16.73 -0.13 14.22 32.48 
Lena 8749.14 21.72 -2.86 22.94 34.30 
Amur 5176.19 77.75 29.83 40.37 61.95 
Orinoco 15938.49 18.51 22.36 3.48 23.68 
Parana 6428.74 61.88 85.30 -3.39 72.05 
Amazonas 12878.61 24.57 35.33 -5.93 17.83 
Niger 4665.74 24.43 56.11 -40.38 37.37 
Congo 13601.92 52.92 27.01 14.53 40.24 
Nile 6083.53 119.93 53.50 55.40 41.20 
Zambezi 8013.36 53.63 71.40 -6.18 78.97 
Tigris & Euphrates 1296.36 -55.51 -2.07 -46.36 50.40 
Indus 5929.52 -7.09 -2.15 -5.94 59.45 
Ganges & Brahmaputra 11961.83 37.53 11.79 22.61 33.18 
Mekong 5928.97 141.76 111.98 66.02 120.81 
Huang-He 6357.90 52.56 23.50 20.37 76.62 
Yangtze 9842.45 46.04 34.14 5.66 39.53 
Murray & Darling 2877.77 149.66 312.39 -22.06 600.03 
Don 4574.01 4.68 17.47 7.88 63.70 
Fraser 8037.87 -12.24 18.26 -12.88 61.95 
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Tocantins 15096.85 11.62 15.99 5.43 54.57 
Vuoski & Neva 1173.58 28.35 -4.03 28.46 27.25 
Table B.6: As in Table B.5, but for peak flow (Qhigh).   
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Qlow Linearity Analysis 
 𝐶𝑇𝑅𝐿	(𝑚z	𝑠UV)	 ∆𝐹𝑈𝐿𝐿 (%)	 ∆𝑃𝐻𝑌𝑆 (%)	 ∆𝑅𝐴𝐷 (%)	 𝜀 (%)	
Yukon 1118.12 223.74 7.73 206.82 81.72 
Mackenzie 1959.35 80.97 24.02 67.06 37.88 
Columbia 719.92 -1.83 -0.36 3.85 37.68 
Nelson 710.94 57.94 28.81 67.47 63.57 
Mississippi 1636.28 24.25 4.11 8.81 43.77 
St. Lawrence 3103.41 5.60 -6.71 14.97 19.92 
Rhine 699.42 -13.15 12.49 -9.39 80.95 
Danube 1608.07 -20.42 12.03 -24.43 36.91 
Dniepr 1113.61 0.10 10.27 15.56 74.98 
Volga 1502.64 52.55 39.72 73.51 95.26 
Ob 857.89 97.17 22.66 75.39 74.48 
Yenisei 1643.60 56.88 26.13 33.07 27.16 
Lena 1301.99 29.28 11.43 19.04 21.05 
Amur 1920.18 92.45 54.71 37.82 49.04 
Orinoco 1077.24 -35.79 -33.07 -9.61 50.67 
Parana 2430.49 59.57 73.05 -1.61 68.29 
Amazonas 2847.29 -10.23 47.39 -25.18 57.75 
Niger 1298.61 16.12 51.42 -46.66 30.79 
Congo 2841.73 94.06 96.08 -1.18 38.81 
Nile 5091.86 121.02 47.89 57.17 50.95 
Zambezi 1569.89 12.28 38.98 -14.78 48.76 
Tigris & Euphrates 724.03 -57.94 -4.44 -44.44 38.29 
Indus 440.80 38.56 -2.82 31.98 89.62 
Ganges & Brahmaputra 732.20 69.48 18.28 32.27 84.14 
Mekong 1211.87 51.63 53.15 10.78 53.88 
Huang-He 2754.64 13.29 2.86 7.48 18.64 
Yangtze 2104.30 43.15 44.61 -2.53 37.13 
Murray & Darling 716.70 55.45 103.34 -26.28 123.79 
Don 1364.88 4.85 19.82 22.71 64.35 
Fraser 604.16 -0.19 6.07 12.45 53.44 
Tocantins 239.66 -6.02 56.71 -7.20 142.26 
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Vuoski & Neva 889.14 18.41 -5.68 21.77 19.56 







































Figure B.14: Annual cycle of precipitation in basins selected for further analysis in Figure 3.4. 
Observations are averaged from GPCP or TRMM over the period of 1998-2013, while CESM 
experiments are averaged over the 30-year period used for analysis. Both are averaged over the 

















Figure B.15: Annual cycle of streamflow in basins where the timing of peak/low flow shows a 
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Figure	C.9:	As	in	Fig.	C.1,	but	for	potential	intensity	and	SST	(which	contributes	to	PI).	
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Figure	C.10:	As	in	Figure	4.3,	but	for	Regions	2-4.	(Left)	average	850	(blue	and	350	(green)	
mb	winds	in	the	100-member	bootstrap	ensemble	for	each	phase	of	the	MJO;	dashed	lines	
represent	the	Phase	1-8	mean.	(Right)	average	GPI	decomposition	from	Equation	4.1	for	each	
phase	of	the	MJO,	taken	from	the	100-member	bootstrap	ensemble.	Error	bars	correspond	to	
the	25th	and	75th	percentiles.	Averages	are	taken	for	each	region	over	the	TC	season	of	June-
November.		
		
